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4ABSTRACT
Advanced Nanofabrication Process Development for Self-Powered System-on-Chip
Jhonathan Prieto Rojas
In this work the development of a Self-Powered System-On-Chip is explored by ex-
amining two components of process development in different perspectives. On one side,
an energy component is approached from a biochemical standpoint where a Microbial Fuel
Cell (MFC) is built with standard microfabrication techniques, displaying a novel electrode
based on Carbon Nanotubes (CNTs). The fabrication process involves the formation of a
micrometric chamber that hosts an enhanced CNT-based anode. Preliminary results are
promising, showing a high current density (113.6mA/m2) compared with other similar cells.
Nevertheless many improvements can be done to the main design and further characteriza-
tion of the anode will give a more complete understanding and bring the device closer to a
practical implementation.
On a second point of view, nano-patterning through silicon nitride spacer width control
is developed, aimed at producing alternative sub-100nm device fabrication with the poten-
tial of further scaling thanks to nanowire based structures. These nanostructures are formed
from a nano-pattern template, by using a bottom-up fabrication scheme. Uniformity and
scalability of the process are demonstrated and its potential described. An estimated area
of 0.120µm2 for a 6T-SRAM (Static Random Access Memory) bitcell (6 devices) can be
achieved.
In summary, by using a novel sustainable energy component and scalable nano-patterning
for logic and computing module, this work has successfully collected the essential base
knowledge and joined two different elements that synergistically will contribute for the
future implementation of a Self-Powered System-on-Chip.
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1 INTRODUCTION
New efforts are being made to achieve high-performance/low-power consumption devices
and more efficient power generation systems. The concept of Self-powered System-on-
Chip (SoC) is incubated from the integration of such devices and systems into a single chip,
thus giving form to a self-powered, autonomous system for implementation into handheld
or remote technologies for defense, space, harsh environment, industrial and exploration
applications. In these scenarios, limited accessibility to the device and need for portability
demand long-lasting unmanned systems1.
With this as our ultimate goal, we started looking at different energy harvesting systems
and strategies to improve the performance of devices at the logic level. From the energy
perspective there are several approaches that make use of the surrounding environment to
generate energy. In this work, a biochemical based energy generation system is explored.
By using Carbon Nanotubes to enhance the surface area-to-volume ratio, a micro-fabricated
Microbial Fuel Cell is designed as an alternative energy generation source for in-chip power
supply.
On the other hand, from the logic perspective, nano-patterning by spacer width control
is explored for fabrication of high density precisely positioned self-assembled Nanoelec-
tronics with a novel design and potential for very high performance devices, which might
help us to lower the power requirement for our energy module.
These approaches give the first steps towards the future development of Self-Sustainable
Systems as response to the everyday higher technology and energy demand.
1M. M. Hussain, H. Fahad, J. Rojas, M. Hasan, A. Talukdar, J. Oommen, and J. Mink. (2010) Proc. SPIE
7679, 767914
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2 CNT ENHANCED MICRO-FABRICATED MICROBIAL
FUEL CELL
2.1 INTRODUCTION
Nowadays the restless search for clean and renewable energy sources is one of the most
important goals of mankind. Moreover, the scarcity of potable water and the water infras-
tructure demand of energy itself represent a major problem that affect us all and need to be
addressed with urgency. A Microbial Fuel Cell (MFC) represents an interesting and novel
approach for energy generation by means of reuse of waste resources.
In general terms, a Microbial Fuel Cell, figure 2.1, is an innovative device for energy
production based on bio-electrochemical reactions made by bacteria when decomposing
organic (waste) matter in anaerobic conditions [1].
Typically it consists of a two-compartment reactor that uses a membrane2 to form an
anode and cathode chamber. In the anode, bacteria oxidizes a substrate (fuel such as waste
water) and through biological processes electrons and protons are generated.
An external load electrically connects the anode and cathode electrodes so the generated
electrons can go from anode to cathode. Protons travel through the membrane towards the
cathode compartment to maintain the charge neutrality. Once in the cathode, an oxidizing
agent (usually oxygen) consumes the generated electrons and protons.
Thanks to material developments in membranes and electrodes, MFCs have become
the center of attention of many researchers due to their potential use in renewable energy
generation as well as use in waste water treatment. Great effort is being made to develop
macro-reactors for massive energy generation with the required efficiency and cost to com-
pete with other types of energy production as fossil fuels[2][3]. Alternatively materials
studies and optimizations have been made in development for miniature cells with the aim
of better understanding of the biochemical processes that occur inside an MFC and at the
2Usually a Proton Exchange Membrane (PEM)
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Figure 2.1: Principle of work of a Microbial Fuel Cell
same time improve its electrical performance. From this, the next step and in a totally
different approach, a microversion of an MFC has been visualized as an alternative power
source for self-powered Microsystems [4]. In this work, the development of an improved
Microbial Fuel Cell through microfabrication techniques and novel nanomaterials is pur-
sued, thus achieving higher output energy densities.
The central breakthrough of the design described here includes the microfabrication
of the smallest MFC reported thus far [5], and the use of functionalized MWCNTs as
anode electrode, with not only a very high surface area-to-volume ratio, but also enhanced
biocompatibility.
2.2 UNDERSTANDING MICROBIAL FUEL CELLS (MFC)
Since 1911 it has been known that bacteria can generate electrical current [6]. Relatively
recently, though, new developments in the area have allowed a better understanding of
the complex processes involved in the energy generation by microorganisms, known as
electrogenesis.
Let us now go deeper into the functionality of a Microbial Fuel Cell. First of all, in
order to understand the working principle of an MFC it is essential to understand how
bacteria can generate and process energy. After that, the different components of the cell
are described in more detail.
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Figure 2.2: Overview of Cell metabolism
2.2.1 BASICS ON BACTERIA METABOLISM [6] [7]
Metabolism refers to how the bacteria assimilate and transform a substance through chemi-
cal and biological changes generating energy in the process. There are different approaches
for energy generation by the microorganisms in natural environments. The one of interest to
us includes the respiration process of bacteria whereby energy can be obtained by transfer-
ring electrons to an external acceptor. More specifically, during the process of respiration
microorganisms take electrons from a low redox-potential substrate, with abundant elec-
trons, and uses different methods for electron transport to lead them to an external electron
acceptor where they are reduced. Very diverse types of electron acceptors (from oxygen
to metals) can be used by microorganisms that use the respiratory pathway. Following this
idea, bacteria will always look for alternative electron acceptors with the highest redox-
potential available in order to increase their energy for growth.
In the case of MFCs, electrons are transferred to an external electrode in a process
denominated electrogenesis. Specifically, only certain types of bacteria, called exoelectro-
genenic, are able to transfer electrons outside the cell.
In natural environments oxygen acts as an electron acceptor, but in MFCs the anode
chamber is an oxygen-free artificial environment in which an electrode is the main electron
acceptor. The bacteria will be then motivated to establish themselves in the electrode, using
17
the respiratory way to acquire energy by transferring electrons to the conductive material.
There is not yet a full understanding of all the mechanisms used for transferring electrons
from microorganisms to an electrode, but most likely there exists a complex system of
methods that includes direct and mediated transfer.
In summary, bacteria act as a biological catalyst helping in the transformation from
organic matter (electron rich fuel) into electrons transferred to the electrode that then flow
through an external load towards the cathode where they are finally reduced by a chemical
catalyst. During this process protons regulate the charge neutrality in the cell and through
this continuous flow of charges, electrical energy is generated.
2.2.2 MFC COMPONENTS
Several MFC architectures have been proposed but during this work a regular two-chamber
scheme will be used and therefore its components will be described here.
Since the generated electrons will be consumed in the presence of oxygen, it is nec-
essary to keep it separated from the bacteria, and for this purpose a membrane is used
to separate the electrodes, while still allowing flow of charges. The membrane will then
form two chambers, an anode chamber where the electrons are generated by bacteria and a
cathode chamber where the electrons are consumed, either by oxygen or any other oxidant
chemical. Below each main component of an MFC is described; membrane, electrolyte
and electrodes.
2.2.2.1 EXCHANGE MEMBRANE Besides keeping the bacteria isolated from the
oxygen, the membrane is used to separate the liquid in the anode and cathode while al-
lowing certain charge to pass between chambers thus maintaining charge balance during
power generation. Normally a Proton Exchange Membrane (PEM) is used for this purpose,
allowing the protons generated in the anode to pass to the cathode. However, many types of
membranes can be used in two-chambered MFCs; an Anion Exchange Membrane (AEM)
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allows the transport of negatively charged species (Anions), meanwhile a Cation Exchange
Membrane (CEM) allows the transfer of positively charged species (Cations). Also there
exists ultrafiltration (UF) membranes with different molecular weight cut offs but with the
disadvantage of a higher internal resistance.
In this work a Nafion® 117 membrane is used, which acts as a PEM, and it has been
used as the standard membrane in most of the small two-chamber MFCs due to its low
internal resistance and small thickness.
2.2.2.2 ELECTROLYTE There are several components that influence the energy gen-
eration of an MFC. The biological component was already described and further discussion
or study on this topic is out of the scope of this work. On the other hand, the physio-
chemical component plays an important role as it directly influences the charge transport
of the complete system. This component is conformed basically by the electrolytes in both
chambers (anolyte and catholyte) which actually contribute to the losses of the reactor as
they represent a resistance to the flowing charges. In order to improve the charge transport
it is essential to control the conductivity and the buffer capacity of the electrolyte, as well
as maintain a minimum distance between the electrodes.
Moreover, since the power increases in proportion to the square of the voltage and this
is a function of the individual electrode potentials, the electrolyte can heavily affect the final
performance of the cell. The anode potential is set by the respiring process of the bacteria
and does not change appreciably in different systems or substrates (fuels). In contrast, the
cathode potential varies depending on the catholyte or oxidant agent, usually oxygen. If
instead of oxygen, ferricyanide or MnO2 are used as the final electron acceptor, higher cell
voltages can be achieved because the cathode potential for these two chemicals is higher
than that obtained with oxygen [1]. In the case of potassium ferricyanide, a redox reaction
occurs in which the ferricyanide is reduced to ferrocyanide by accepting the electrons and
then it is oxidized by oxygen and returns to ferricyanide and water. The reactions that
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described this process are shown below,[6]
4Fe(CN)3−6 +4e
−
−→ 4Fe(CN)4−6 (2.1)
4Fe(CN)4−6 +4H
++O2 −→ 4Fe(CN)3−6 +2H2O (2.2)
Although we can achieve higher potentials, the big drawback of using this kind of elec-
trolytes is that they must be externally regenerated or they can be lost over time, thus mak-
ing them unsustainable for real applications [1]. For this reason a practical implementation
cannot include such catholytes although for research purposes they are usually used for
characterization of anode performance, since the cathode capacitance of oxidation would
not be a limitation.
2.2.2.3 ELECTRODES AND CONTACT-CONNECTIONS Engineering the elec-
trodes is an important and actually frequent task for many works on MFCs optimization.
This is because the final performance of the cell highly depends on how the electrode ties
with the bacteria and how well it can attract and transport the electrons, which can be
translated in an ohmic loss.
The main factors to be considered during the selection of electrode are conductivity and
surface area, and special attention must be paid to lower the losses of small contacts and
decreasing the travel distance of charges within the cell.
All previous factors contribute to the total internal resistance, which in the case of
microscale reactors is expected to be high, and this is negatively reflected in the achievable
power. This can be explained due to inherent high resistance of small contacts and losses
due to the presence of electrolyte and membrane (barriers for charge transfer) [5].
2.3 CARBON NANOTUBES AND THEIR ROLE IN MFCs
Carbon Nanotubes (CNT) are allotropes of carbon with a cylindrical shape and diameters in
the range of nanometers. This new nanometric configuration of the carbon molecules dis-
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plays novel properties most notably unique electrical properties and exceptional strength.
Thanks to all these, CNTs have a great potential for numerous applications in electronics,
optics and more recently in biological applications.
On the other hand, Multi-Walled CNTs (MWCNTs) consist of multiple concentric tubes
forming a thicker nanotube than single-walled CNTs (SWCNTs).
Since they exhibit a remarkable high surface-to-volume ratio, great conductivity and in
addition they can support biofilm growth [8], MWCNTs might be used as ideal electrodes
in MFCs as already proposed in the works by Correa-Duarte et al [9] and Guttierrez et al
[10].
Below some basic elements on MWCNT growth process are first discussed followed
by a more detailed review on MWCNT biocompatibility.
2.3.1 BASICS ON MWCNT GROWTH [11]
MWCNT growth process can be carried out in a chemical vapor deposition (CVD) system
where a Vapor-Liquid-Solid (VLS) growth will take place and through a pyrolysis process
(Break down of a hydrocarbon into parts at a certain temperature) the MWCNTs will grow.
Below the common process flow is detailed for the MWCNT growth:
1. Deposition of metal catalyst, usually Ni. 3
2. The catalyst has to be an active site, i.e. free from oxide impurities. With this purpose
the sample is introduced in a tube furnace at a temperature of 500°C allowing H2 gas
to flow into the furnace for nearly 40 minutes to 1 hour (annealing process).
3. Next the temperature is raised to the required pyrolysis temperature4. The next equa-
tion represent the chemical reaction that occurs when the required temperature is
3The process used for the deposition will define the MWCNT site density, so the very dense Sputtering-
PVD system is preferred for aligned, straight MWCNTs growth.
4The pyrolysis temperature for acetylene (C2H2) in presence of Ar is 700°C
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Figure 2.3: Carbon Nanotubes growth process
reached:
C2H2
Ar,700°C
−→ C2 +H2 (2.3)
4. At pyrolysis temperature the carbon source (acetylene)5 is introduced in the furnace
along with carrier gas6 for the desired time.7
5. After the specified time, the acetylene flow is stopped and the furnace turned off.
The furnace is cooled down to room temperature in the presence of Ar. At room
temperature the Ar flow is stopped and the sample removed from the furnace.
2.3.2 MWCNT BIOCOMPATIBILITY AND USE IN MFCs
One main concern when using MWCNTs in biological applications is the risk of toxicity
that might endanger the integrity of the microorganism. In general, all new nanotechnology
arises with the concern of health hazard and that is why several studies are in progress to
determine whether or not MWCNTs might be dangerous for the life structures.
Unfortunately many of these studies are often contradictory or inconclusive, but a com-
plete review made by Smart et al [12], shows that although there exist evidence of cytotox-
icity in untreated MWCNT samples, this is mostly due to the presence of transition metals
used for their growth. On the other hand functionalized MWCNTs do not demonstrate
any toxic behavior toward cell growth thus far, which indicates us that MWCNTs must be
chemically modified (functionalized or purified) to reduce their toxicity.
5A bubbler for the acetylene flow inlet can help to avoid impurities
6Carrier gas should be an inert gas, i.e. non-reactive gas as Ar or N2
7Length of MWCNTs can be controlled mainly with the time
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2.3.2.1 Functionalization of MWCNTs The functionalization process can be seen as a
purification process by means of acid treatment which removes the excess of metal catalyst
used during the growth process and increases hydrophilicity. There are other effects seen
during the acid treatment such as oxidation processes generating carboxilic groups in the
walls and tips of the MWCNTs thickening them as well as capillary tensile forces that make
the MWCNTs collapse with each other, usually forming 3D structures depending on their
size [9].
2.4 DESIGN
Several works have approached the development of miniature MFCs [13,14] but there are
just a few that go to microvolumetric sizes. On the other hand there already exist studies
that propose the use of MWCNTs as electrodes in MFCs [9,10]. This work is the first one
to actually develop an MFC that integrates standard semiconductor fabrication processes
along with novel improved nanostructures.
Now some previous designs will be reviewed and then, based on all the consideration
mentioned in sections 2.2 and 2.3, a design is proposed.
2.4.1 PREVIOUS DESIGNS
Qian et al [5] recently proposed a micro-fabricated stack-architecture MFC, that showed
a relatively high power density. This kind of stack design displays high integration with
semiconductor fabrication processes.
Also some other designs have explored enhancing the performance by increasing the
surface area-to-volume ratio [15, 16] and using bacteria in both anode and cathode. [17]
On the other hand, Ramaprabhu et al [18] showed the great improvement in power
density achievable with the use of MWCNT-based electrodes in MFCs.
Table 2.1 shows a summary of MFCs with the smallest volumes in the range of µl and
will be taken for reference and comparison during this work.
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Anode
chamber
volume (µl)
Anode
material
Cathode
material
Catholyte Max
Current
(mA/m2)
Reference
1.5 Gold Carbon
cloth
Ferricyanide 130 [5]
10 Gold Platinum Bacteria
medium
3.8 [17]
15 High SAV -
Gold
Gold Ferricyanide 302 [16]
16 Gold Gold Ferricyanide 150 [15]
Table 1: Summary of microsized MFCs [19]
2.4.2 PROPOSED DESIGN
There are two basic types of factors to have in mind during the design of an MFC; bio-
chemical and physical factors.
All these factors will be reviewed in more detail and corresponding ideas will be pro-
posed to address each one of them.
Biochemical factors:
• Use of high metabolism bacteria and adequate bacterial culture and growth medium
conditions: Many studies have been carried out showing that high power can be
obtained from the diverse microorganisms present in waste water [20]. Also a rich
medium that ensures the bacteria growth is selected as a well known combination
of several minerals and vitamins, plus a buffer solution containing sodium acetate,
which was found to be a substrate that generates high power in MFCs [18]. Details
in components and preparation of the media will be discussed in section 2.6.
• Adequate buffered solution for the catholyte. As previously discussed, potassium
ferricyanide is used as the catholyte in order to assure the cathode will not be a
limitation in the MFC performance and thus the anode will make more influence in
the actual results.
Physical factors:
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• Minimize the proton diffusion length: In order to optimize the proton transfer ef-
ficiency the distance from the anode electrode to the membrane is minimized and
selected to be 50µm (same height for the cathode chamber).
• Maximize the area-to-volume ratio of the anode and cathode electrode: This is done
to achieve higher energy densities and can be achieved with the use of functionalized
MWCNT in case of the anode, as discussed before, and carbon cloth in case of the
cathode. Also the conductivity and bioaffinity of carbon plays an important role in
the selection of this material.
• Good sealing of the anode chamber: This is to ensure the anode is free of oxygen
which can strip electrons and reduce the performance. In order to achieve this, the
cathode-membrane-anode stack must be tightly clamped as suggested by Qian et al
[5].
• Reduce the contact paths resistance: Two different perspectives are selected to achieve
this. In first place a highly doped silicon substrate is used due to its low resistivity
(0.005W/cm). Second, silicided areas are placed near the anode electrode to ensure
lower resistance for contacts.
The design is thus based on a stacked architecture (stack of cathode-membrane-anode), due
to its easy integrability and includes all previous considerations. Figure 2.4 shows the final
design illustrating all the different components.
The area for anode and cathode was selected as 5mm× 5mm and 50µm height. Thus
the final anode volume is 1.25µL, which is the smallest fabricated thus far. During the next
section dimensions and further specification will be shown in detail.
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Figure 2.4: CNT enhanced µ-MFC proposed design
2.5 FABRICATION PROCESS DESCRIPTION
2.5.1 SELECTION OF THE SUBSTRATE AND FABRICATION OF THE MASK
A 4” <100> P-type (B) highly doped Si wafer was selected. Two wafers were used for
the fabrication of the anode and one for the cathode. The mask was designed to fit 9 cells
(5mm×5mm) in one 4” wafer as shown in figure 2.5.
2.5.2 GENERATION OF CONTACT PATHS FOR ANODE ELECTRODE – SILI-
CIDATION PROCESS
The first step in the fabrication of the device consists of the generation of contact paths with
a low resistance for the ohmic contacts from the anode to the external load. This is achieved
through a silicidation process of a thin film of nickel. The patterning of the nickel layer
is made through a lift-off process in which photoresist (bilayer) is first spin coated on a
silicon wafer, then patterned in the locations where the nickel paths are going to be formed.
Next, a 10nm thick layer of Ni is deposited using an e-beam evaporator PVD system. The
photoresist is then developed, lifting off the Ni and leaving the contacts paths behind.
Finally a rapid thermal annealing is undertaken so the nickel diffuses into the silicon
forming a silicide with a lower resistivity. Care must be taken to select the right thermal
26
Figure 2.5: Mask Layout for Anode chamber (blue), Silicided areas (red) and Cathode
chamber (yellow)
budget for the silicide formation. From the literature it can be found that for the range from
around 300°C to around 600°C, NiSi is formed and the resistivity remains almost constant
at the lowest value. Under 300°C the silicide is in the Ni2Si phase and over 750°C the high
resistivity NiSi2 is formed [19]. Thus, the temperature was selected to be 450°C for 30
seconds. The remaining Ni is removed with Nanostrip at 60°C for 30 minutes.
PROCESS SPECIFICATIONS
1. Deposit and pattern of photoresist to expose the area to be silicided: [MASK 1]
(a) Spin LOR5A Photoresist
(b) Pre-bake (180°C for 600 seconds)
(c) Let cool down and then Spin 3012 Photoresist
(d) Bake 95°C for 60 seconds
(e) Exposure with MASK 1 (for 8 seconds in Hard Contact)
(f) Development (CD-26) for 130 seconds. (Stop development with water)
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Figure 2.6: Process flow for the formation of contact paths
2. Deposit 10nm of Ni using PVD-Evaporation (Semicore)
(a) Prepare tool and open chamber. (Turn off ionization gauge, close Cryo-pump
valve and vent with N2)
(b) Set Sample and target inside chamber.
(c) Close chamber and open roughing pump valve until 1x10−1 Torr is reached
(d) Close roughing pump valve and open Cryo-pump valve (2 min after pressure
shows “00” turn on ionization gauge). Wait until 2x10−6 Torr is reached.
(e) Start the deposition (set thickness of Nickel = 0.1KÅ(10nm))
3. Lift-off
(a) In a wet bench, put the wafer into EKC830 at 45°C for around 30 min (or until
the metal is completely lifted off)8
(b) Clean the wafer thoroughly.
4. RTA for Silicide reaction
(a) Purge for 2 minutes at 20°C with N2: 10 SLPM
(b) Delay for 20 seconds at 20°C with N2: 5 SLPM
8Ultrasound can be used to speed up the process
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Figure 2.7: Anode chamber etching process
(c) Ramp for 15 seconds until 450°C are reached (N2: 5 SLPM)
(d) Leave at 450°C for 30 seconds (N2: 5 SLPM)
(e) Allow to cool down for 300 seconds – until 20°C are reached (N2: 10 SLPM)
2.5.3 ANODE CHAMBER FORMATION – SI DRIE PROCESS
The next step consists of the etch of a 50µm depth trench on the silicon substrate. With
this purpose, photoresist is first patterned on the wafer, making sure the contact paths are
aligned with the trenches.
Low ARDE (Aspect Ratio Depending Etching) is used and one wafer is sent ahead to
determine and adjust the Si etch rate, which was found to be 3.2µm/min (for this first wafer
the etch rate was overestimated obtaining a depth of 56µm with a time of 17 minutes).
An etching time of 15 minutes and 30 seconds achieved trenches with 50-51µm depth
(measured with a profilometer).
PROCESS SPECIFICATIONS
1. The wafer is chemically cleaned and then it is primed in HMDS to promote Pho-
toresist adhesion. Later it is coated in Photoresist. A pre-baking process is done and
then the resist is exposed and developed. (Dimension of the chamber: 5mm x 5mm)
[MASK 2]
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(a) Clean the wafer
(b) Spin HMDS and Bake 110 for 30 second. Let cool down.
(c) Spin 3012 Photoresist
(d) Pre-bake 95°C for 60 seconds
(e) Exposure with MASK 2 (for 8 seconds in Hard Contact)
(f) Development (CD-26) for 60 sec (Stop development with water)
2. An anisotropic dry etch (Low ARDE) is performed to pattern the wafer. [Depth of
the trench: 50µm]
(a) Thermalization process at 20°C
(b) Clean chamber with O2 at low frequency (O2: 200 sccm for 20 min)
(c) Conditioning of the chamber at low frequency (SF6: 300 sccm, O2: 150 sccm
for 10 min)
(d) Low ARDE (SF6: 300 sccm, O2: 300 sccm for 15 min 30 sec)
3. The Photoresist is removed with ECK803 at 60°C for 20-30 minutes and then the
wafer is cleaned. (This step can be omitted and the photoresist be reused for the next
process as discussed before).
2.5.4 FORMATION OF ANODE-ELECTRODE
2.5.4.1 Catalyst deposition At this point there is a split before deposition of the metal
catalyst for the MWCNT growth. For one wafer the photoresist is removed so a new PR
layer has to be coated, although due to the topology of the wafer (trenches) some modifica-
tion must be carried out. First of all, static disposal is preferred over dynamic, making sure
to cover all trenches thus assuring full coverage of the photoresist. Also, over-exposition
of UV light is needed to account for non-uniformity of the photoresist inside the trenches
(thicker photoresist is formed in the sidewalls of the trenches during the spinning process).
Last, over-development is done to assure the removal of the photoresist from inside the
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trenches. The second wafer keeps the photoresist used for the etching process and it is used
also for the subsequent lift-off process.
In first place a chromium buffer layer must be deposited (200-300nm). Next, 65nm of
Nickel (metal catalyst for MWCNT growth) is deposited to achieve MWCNTs 30-40µm
long. It is important to notice that deposition must be done through DC sputtering in
order to achieve an adequate density and quality of the deposited films and hence achieving
straight, uniform and aligned MWCNTs with the desired length.
After deposition a lift-off process is done to remove the metal layer from the needed
locations. It was observed that the wafer with the fresh photoresist performed an easier
lift-off process, meanwhile the other wafer presented some difficulties to remove the metal
completely thus needing extra shaking. Nevertheless, the final result showed no important
difference between the two used methods and consequently reusing the photoresist for
etching and deposition/lift-off is preferred as it shortens time and money (less processing).
2.5.4.2 MWCNTs Growth The MWCNT growth was carried out by an external lab-
oratory, NanoLab Inc9. MWCNT were grown with a Plasma Enhanced CVD system and
acetylene (C2H2) and ammonia(CH3) as carbon source gases. After growth a function-
alization process was performed to increase bioaffinity and hydrophilicity as previously
discussed.
PROCESS SPECIFICATIONS
1. Photoresist is coated on the wafer. Then the photoresist is patterned using the MASK
# 2 (This step might be omitted)
(a) Static disposal and spin of LOR5A Photoresist
(b) Pre-bake (180°C for 600 seconds)
9NanoLab Inc. 179 Bear Hill Road, Waltham, MA 02451, USA
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Figure 2.8: 1-3) Catalyst deposition, 4-5) MWCNT growth and functionalization
(c) Let cool down and then static disposal and spin of 3012 Photoresist– Recipe
D09/40/45
(d) Bake 95°C for 60 seconds
(e) Exposure with MASK 1 (for 15 seconds in Hard Contact)
(f) Development (CD-26) for 4 minutes 30 seconds. (Stop development with wa-
ter)
2. A buffer layer of Cr is deposited by DC sputtering (200-300nm achieved with 2500
seconds at 300W). Then the catalyst (Nickel) film is deposited also by DC sputtering
(65nm achieved with 640 seconds at 200W – 300Vdc bias)10
3. Lift-off process
(a) In a wet bench, put the wafer into EKC830 at 45°C for around 40 min (or until
the metal is completely lifted off)11.
(b) Clean the wafer thoroughly.
4. Now, the wafer is moved into a Plasma-Enhanced Chemical Vapor Deposition system
(PECVD).
10One run was first performed to accurately determine the Ni deposition rate
11Ultrasound can be used to speed up the process
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(a) Acetylene and ammonia gases (40:160 SCCM) are introduced into the chamber
at a base pressure of 10−6 Torr.
(b) The growth time is defined after several testing rounds to get a MWCNT-height
of around 30-40µm. The growth temperature is maintained between 650-700°C
and the pressure during growth is maintained at 10–50 Torr.
5. The substrate with the aligned MWCNTs is functionalized in an acid solution (2
hours in a sulfuric acid solution).
2.5.5 CATHODE CHAMBER FORMATION
1. Mold formation for PDMS stamp
A 4” wafer is coated with photoresist (SU-8) with a final thickness of 50µm (Height
of the cathode chamber). Next, the photoresist is patterned with the cathode dimen-
sions (Mask 2) thus forming the topology for the PDMS stamps.
2. In order to replicate PDMS stamps, a mixture of Sylgard 184 elastomer and curing
agent (10:1) is poured onto the silicon/SU-8 mold and cured at room temperature for
approximately 24 hours, and then peeled off. The details of the process are listed
below.
PROCESS SPECIFICATIONS
1. Photoresist is deposited and patterned. [MASK # 3]
(a) Clean the wafer
(b) Spin SU-8 3050 Photoresist
i. Dispense 4ml of resist
ii. Spin at 500 rpm for 5 to 10 seconds (Acceleration: 100 rpm/s)
iii. Spin at 3000 rpm for 30 seconds (Acceleration: 300 rpm/s)
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Figure 2.9: Cathode fabrication process (left) and detailed dimension including holes for
tubing (Right)
(c) Soft-bake (15 minutes at 95°C)
(d) Exposure with MASK 3 (Exposure Dose: 250 mJ/cm2)
(e) PEB (1 minute at 65°C and 5 minutes at 95°C)
(f) Development (SU-8 developer) for 8 minutes. For better results wash with
fresh developer for 10 seconds, followed by Isopropyl Alcohol (IPA) wash for
another 10 seconds. Dry with nitrogen.
2. PDMS stamps replication: 12
(a) The base and the curing agent are mixed thoroughly (10:1 ratio) in a plastic cup
for about 7-10 minutes to a milky color consistency. 13
(b) Bubble removal/Vacuum de-gassing Mixing of the base and the curing agent
traps air bubbles in the mixture. Vacuum de-gassing is recommended to speed
up the removal of the bubbles.14
12Detailed instructions also found in product’s datasheet
13Improper mixing can leave behind unreacted curing agent with detrimental bonding results
14A residual pressure of 10-20 inches of mercury applied for approximately 30 minutes will remove the
bubbles
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Figure 2.10: Assembly scheme of the µMFC
(c) Master cleaning with acetone, Isopropyl alcohol and water and air dry the mas-
ter before pouring PDMS on it.
(d) PDMS Micromolding: The PDMS is slowly poured onto a Petri-dish with the
silicon wafer (with the patterned side facing up) in order to prevent any bubble
formation. If bubbles are formed, degas by placing the whole assembly into the
vacuum desiccator again until all the bubbles are removed.15
(e) Curing of PDMS: The degassed PDMS assembly is left for 24 hours at 23°C.
Other recommended curing schedules are: 4 hours at 65°C, or 1hour at 100°C,
or 15minutes at 150°.
(f) Upon completion of the curing cycle the Petri-dish is cut out from the assembly.
A pair of wire clippers can be used to make a few cuts around the circumference
of the Petri-dish and the plastic is easily removed from the PDMS mold.
(g) After the mold is removed from the Petri-dish, the Si master is to be peeled away
slowly and carefully from the cured PDMS mold. A few drops of IPA (Iso-
propyl alcohol) can be used for faster peeling without breaking of the stamp/mold.
15Degassing of the PDMS may take from 30 min to 2 hrs depending on the pattern density and geometry
size on the wafer. Some bubbles could remain on the surface after the degassing time but will burst upon the
backfilling of air into vacuum chamber.
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Figure 2.11: Carbon cloth dimensions
2.5.5.1 ASSEMBLY
1. Fluid accesses of 500-mm diameter for insertion of polyethylene (PE) tubing can be
mechanically punched through the PEM and PDMS stamp at the defined positions of
the anode and cathode flow channels.
2. Conductive carbon cloth is cut to 5mm×5mm to serve as the cathode.
3. The Proton Exchange Membrane (1cm×1cm) must be treated previous to use to re-
move any organic and metal impurities and to activate it (protonation). The sequential
process is described below:
• Boiling in H2O2:H2O (30% v/v) for 1 hour.
• Boiling in water for 2 hours.
• Boiling in H2SO4:H2O (0.5M) for 1 hour.
• Boiling in water for 2 hours.
• The membrane can then be stored in water prior to use.
4. First the PEM can be just stacked between the anode (wafer) and cathode (PDMS
stamp and carbon cloth), assuring a perfect sealing of the chambers by clamping
them tightly together (Applying silicone can also be used to improve the sealing) 16.
Two plexiglass pieces are used to sandwich the MFC assembly and are used as a
16Several glues were tested (commercial epoxy, super glue, commercial glue) but none of them demon-
strated a good bonding with the PDMS and PEM. Only silicone showed a strong attachment to the surfaces.
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Figure 2.12: Clamp dimesions
Figure 2.13: Final Assembly of µMFC
clamp. Figure 2.11 illustrate the concept and figure 2.1217 show the dimensions of
the clamp. (Just the top piece has a small window to allow the pass of tubing). Figure
2.13 shows the actual final assembly.
5. Electrical wires are connected to the silicided area of the anode and to the carbon
cloth (cathode).
17Provided by KAUST workshop
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Figure 2.14: MWCNTs before functionalization (Images provided by NanoLab Inc.)
2.6 EXPERIMENTS AND PRELIMINARY RESULTS
2.6.1 CNT ANODE ELECTRODE CHARACTERIZATION
The first step to characterize the µMFC is to look at the characteristics of the main engi-
neered component, the anode electrode.
Figures 2.14 and 2.15 show the SEM images of MWCNTs before and after functional-
ization 18
From figure 2.15 can be observed the MWCNT uniformity over the entire trench area
and the density was determined to be 109cm−2. Their average length is 35µm and their
diameter range from 200nm to 400nm. These big diameters are expected after the oxidation
occurred during the functionalization process.
The next step consists on the confirmation of the MWCNT-based electrode bio-compability
by checking the growth of biofilm after inoculation with bacteria from waste water. Below
the experiment conditions are explained in detail:
1. Media preparation: The bacteria need two types of nutrients, micronutrients and
macronutrients. The macronutrients are given by minerals and vitamins and the mi-
cronutrients (carbon, nitrogen source) are given by the buffer media (PBS – Phos-
phate buffered saline) which also is in charge of maintaining a relatively constant
18Images obtained from NanoLab Inc after MWCNT growth (Figure 2.14) and after functionalization taken
with the FEI Quanta 600 FEGSEM in the KAUST imaging corelabs (Figure 2.15)
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Figure 2.15: Top view and cross-section view of MWCNTs after functionalization
50 mM PBS
Ingredient Mass (g) Molecular Weight Conc.(mM)
NH4Cl 0.31 53.5 5.79
NaH2PO4/H2O 2.452 137.99 17.77
Na2HPO4 4.576 141.99 32.23
KCl 0.13 74.5 1.74
Table 2: Component for the PBS solution (Final volume = 1L)
pH. Tables 1 to 3 describe the quantities of the component to prepare the media19.
After each separate component is prepared, a final buffered media solution is pre-
pared by adding to PBS, vitamins and minerals solutions and 1 g/l of sodium acetate
as the carbon source.[20]
1. The experiment consists of leaving one MWCNT-based anode in media solution to
check whether there exists a biofilm growth on top of the MWCNTs. First a solution
made out of the buffer media, including vitamins and minerals, is mixed with waste
water with a ratio of 50:50. The anode is then submerged in the solution and left
19Details on preparation can be found at http://www.engr.psu.edu/ce/enve/logan/bioenergy/pdf/Media_GM_092107.pdf
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Ingredient Concentration (g/L)
biotin 0.2
folic acid 0.2
pyridoxine HCl 1
riboflavin 0.5
thiamin 0.5
nicotinic acid 0.5
pantothenic acid 0.5
B-12 0.01
p-aminobenzoic acid 0.5
thioctic acid 0.5
Table 3: Vitamin solution component (100 times concentrated stock solution)
Ingredient Concentration (g/L)
NTA 1.5
MgSO4 3
MnSO4/H2O 0.5
NaCl 1
FeSO4/7H2O 0.1
CaCl2/2H2O 0.1
CoCl2/6H2O 0.1
ZnCl2 0.13
CuSO4/5H2O 0.01
AlK(SO4)/12H2O 0.01
H3BO3 0.01
Na2MoO4 0.025
NiCl2/6H2O 0.024
Na2WO4/2H2O 0.025
Table 4: Mineral solution component (1L solution)
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for 7 days. On the third day the solution is renewed with more buffered solution and
waste water. Finally, on the seventh day the anode is taken out the solution and SEM
images confirm the presence of biofilm on top of the MWCNTs.
2. Imaging and characterization: Figure 2.1620 illustrates the comparison between the
MWCNTs before and after inoculation with waste water. What can be observed
from the figures it is most likely to be the formation of a biofilm by agglomeration
of microorganisms. This biofilm is mainly composed of a matrix of extracellular
polymeric substance (EPS) and it is generated for protection and also to facilitate
transport of nutrients and biochemical signals for communication. More significant
for this work and although the biofilm makes really difficult to differentiate single
bacterial growth, this kind of formations indicate attachment of the microorganisms
to the surface thus demonstrating good bioaffinity of the MWCNT-based anode.
2.6.2 MFC ELECTRICAL CHARACTERIZATION
The final step to characterize the designed MFC is to determine its electrical performance
and compare it with previous works.
The generated power can be easily determined by measuring the voltage over a resistor
(load) that is connected between the anode and cathode electrodes. The power is thus given
by the formula
P =
V 2
R
(2.4)
whereas the power density is given by
PD =
P
A
=
V 2
A ·R
(2.5)
V is the voltage over the resistor R and A is the area of the cell, which in this case is
5mm×5mm = 25mm2 or 25×10−6m2.
20Images taken with FEI Magellan FEGSEM in the KAUST imaging Corelabs
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Figure 2.16: Comparison of MWCNTs before (Left) and after (Right) inoculation with
waste water
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Figure 2.17: Experimental set up
Another useful expression that can be useful to characterize this MFC is the power
normalized by volume:
Pv =
P
v
=
V 2
V ·R
(2.6)
where v is the total volume of the MFC including anode and cathode compartments.
The voltage is measured every minute with a data acquisition system, Keithley 2700
DMM with a M7708 board. The experiment starts with the inoculation of the anode with
a mixture of waste water and media solution, so the bacteria begin populating the func-
tionalized MWCNT and producing electricity. Media solution is added every day when
current drops to the lowest level and buffered ferricyanide solution21 is continuously flow-
ing through the cathode chamber by using a syringe pump set to 0.1ml/hour. A probe holder
is used to make the anode contact to the silicided area. Figure 2.17 shows the set up of the
experiment.
Current is derived from the voltage measurements with the Ohm’s law (I = V/R) and
21Buffered ferricyanide solution is prepared with a phosphate buffer solution 0.1M, adding the right amount
of potassium ferricyanide to reach 50mM solution.
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Figure 2.18: Generated current time evolution in the MFC (Green graph is a magnification
after minute 900) (Arrows mark inoculation points)
its evolution in time is illustrated in figure 2.18. (A resistor of 100Ω was used for this
experiment)
As can be seen from figure 2.18, after first inoculation there is an evident increment in
the generated current that then decreases rapidly after about 8 hours from inoculation, when
the resources are most likely exhausted. Unfortunately from the second batch, after reopen-
ing of the anode chamber, addition of new media and then resealing, a correct sealing of the
anode was not achieved anymore so oxygen might have leaked within the cell, drastically
reducing the performance of the cell. Still a clear response (green graph in figure 2.18)
is observed after new inoculation of the anode, although it decreases almost immediately
without reaching the potential energy generation showed during the first batch.
From the first batch, the maximum peak power obtained (without matching of internal
resistance) was near 1 nW and the maximum current density was found to be 113.6mA/m2
(2272A/m3) which corresponds to a power density of 32.26µW/m2 (645mW/m3). These values
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are very promising compared with previous works if we also consider that the volume
(1,25µl) is the smallest thus far (see table 1).
2.7 CONCLUSIONS AND FUTURE IMPROVEMENTS
The main objective of this work was to develop a device as proof of concept and establish
a baseline knowledge for future designs which allows us to improve our understanding of
the factors that affect micro-sized MFCs and in addition observe the effect of using nano-
structures to improve the performance of the cell. This is just the first step towards an
energy module that can be fully integrated into self-powered systems.
During the fabrication and assembly process a few improvements for the design were
proposed including the removal of tubing going through the membrane, which causes leak-
ing problems, and instead etching a hole through the back of the wafer might solve this
issue.
Although optimization of the first design is yet to be done, the preliminary results look
promising, thus encouraging a more detailed analysis and characterization on the CNT-
based anode in order to fully understand its role in the achieved power. Electrochemical
impedance spectroscopy (EIS) can be used to analyze the dynamic response of the cell and
thus determine the single contribution of the ohmic, charge transfer and diffusion losses, so
we can detect the main area to improve from our design.
For the next version of the µMFC it is worth trying a one-chambered solution in which
the resistance due to the membrane is eliminated (or reduced) and a more practical air-
cathode can be used with the disadvantage of power trade-off. Moreover, inclusion of
microfluidics technology might as well be very useful in these kind of applications.
Finally, a microbial analysis can be carried out with the purpose of detecting if any
specific bacterium dominates this kind of anode electrode. Pure cultures (well known ex-
oelectrogens bacteria) can also be used to improve our understanding of the interaction of
single communities with the anode. In fact, as proposed by Hou H et al [21], these kind of
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miniature assemblies are specially useful to test in parallel many different conditions while
maintaining some others fixed, in a very organized and small test bed, thus saving space
and resources. This allows us to determine what kind of factors affect the system the most
and how they interact and contribute to the final performance.
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3 NANO-PATTERN GENERATION BY SPACER WIDTH
CONTROL FOR HIGH DENSITY PRECISELY POSI-
TIONED SELF-ASSEMBLED NANO-ELECTRONICS
INTEGRATION
3.1 INTRODUCTION
Nanoelectronics have played a key role in the development of information technology.
Sub-100nm device fabrication is now a reality with currently marketed 30nm physical gate
length metal oxide semiconductor field effect transistors (MOSFETs). Smaller devices run
faster, offer more functionality by the opportunity of integrating more devices in the same
real estate of chip and batch fabrication provides lower cost. Functionality per cost is going
higher which is driven by consumer desire for more electronic gadgets in our daily lives. At
the same time, sub-100nm materials and other interesting nanostructures (like nanowires,
nanotubes, rods, particles, etc.) on many occasions show interesting characteristics which
are quite different from their macro scale material properties. In addition to that, quite often
these newly discovered properties have tremendous potential for emerging technologies
like bio, optics, advanced materials, etc. Therefore, nanofabrication is used to make these
functional structures with arbitrary patterns [1]. Typically nanofabrication is presented
in two different ways: top-down and bottom-up. Today’s nanoelectronics technology is
based on top-down optical lithography. However, most of the interesting nanomaterials are
synthesized using bottom-up (self-assembly) approach.
Fundamentally a top-down method is mainly optical (conventional photolithography)
which includes serial and parallel techniques for pattern transfer from a mask, which is
typically larger than the actual pattern (about 4 orders of magnitude). Scanning beam
lithography (mask-less) is also considered within the top-down family. Although highly
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reliable, high capital, maintenance and operation cost as well as fundamental limitation
of minimum light wavelength size limits its universal use for all kind of nano-structures
fabrication and study. On the other hand, two dimensional and three dimensional nano-
structures can be assembled with a bottom-up scheme which makes use of the different
interactions between molecules or colloidal particles. Some well-known “unconventional”
nanofabrication processes are molding [2, 3], embossing [4, 5], printing [6–8], scanning
probe lithography (SPL) [9–12], edge lithography [13–20] and self-assembly [21, 22]. Es-
sentially the first three can be considered as an extension of top-down approach. Scanning
probe and edge lithography are in the middle ground of top-down and bottom-up tech-
niques. Unconventional bottom-up techniques, such as reel-to-reel processing, are widely
used for low-cost nanomanufacturing due to their simplicity and versatility. However, the
cultural clash arises as fundamental researchers especially in the academic world find top-
down conventional lithographic systems inadequate (not only because of their high cost
induced inaccessibility but also issues with non-planar architecture, sub-wavelength fea-
ture fabrication, utilization of corrosive chemicals for lithographic processing and such).
At the same time for industrial application related high volume manufacturing, bottom-up
nanostructures and materials remain ineffectual because of their randomness and uncer-
tainty in their growth, location, properties and finally integration. This has been a decade
long problem for scientists and technologists although both parties have missionary zeal
to leverage all these wonderful inventions of nanotechnology. Therefore, it is important to
develop a generic process flow which can be utilized for high density self-assembled nano-
electronics integration with classical complementary metal oxide semiconductor (CMOS)
or at least in a compatible fashion same as the well established state-of-the-art CMOS
fabrication platform. Hence, in this work a generic process of integrating vertically self-
assembled nanoelectronics or devices with precise positioning side-by-side with existing
CMOS devices in the same platform with high throughput and lower cost is proposed.
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Figure 3.1: State-of-the-art CMOS platform
3.2 HIGH DENSITY SELF-ASSEMBLED NANO-ELECTRONICS
INTEGRATION FLOW
Introduction of an existing state-of-the-art CMOS fabrication platform is important to un-
derstand before the concept is introduced for high density self-assembled nanoelectronics
integration. In current CMOS platforms (figure 3.1), usually the actual devices (MOSFET
gate stacks) are fabricated in a self-aligned fashion where typical physical gate lengths are
below 60nm. Also, the contact sizes are reduced along with scaling trend to the range
below 100nm. For low thermal budget compatible gate-stacks, often gate-last or replace-
ment gate device flow is exercised where the dummy gates are removed after source/drain
activation anneal and replaced by actual gate stack [23]. Some common ingredients in
CMOS technology includes complex gate stack etch, high aspect ratio trench and spacer
formation using reactive ion etching (RIE). Therefore a rational transition path to integrate
self-assembled nanoelectronic devices would be to capitalize on these widely established
CMOS processes.
Figure 3.2 shows the fabrication process flow. We start with a silicon substrate, followed
by an insulator (dielectric)-metal-insulator (dielectric material different than the first insu-
lator) deposition, patterned by optical lithography and dry etched to form high (optional)
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aspect ratio trenches (same as contact etch with advanced gate stack materials). After etch-
ing the trench, a carefully selected dielectric material will be deposited and then etched
by reactive ion etching to form sidewall spacer in the trenches. The width of the spacer is
carefully controlled by thickness of the initial film deposition and subsequent etching. The
formed spacers can be considered as gate dielectric whereas the metal in the initial stack
of insulator-metal-insulator can be used as all around gate materials. Another advantage of
this process is metal thickness defines the gate length. By using precision thin film depo-
sition such as atomic layer deposition (ALD) or advanced physical vapor deposition (like
RF sputtering), current films within the range of sub-10nm are easily achievable. After
spacer formation, a top down ion implantation is carried out in the trenches so the exposed
silicon at the bottom and within the spacer(s) is implanted to form source or drain. Implan-
tation process is followed by a chemical vapor deposition (CVD) based epitaxial process to
form the actual self-assembled nanowire channel nanoelectronics device whose width (or
diameter) is defined by the width (w) of the trench (defined by optical lithography) minus
spacer(s) width (2l, l is the spacer width which in reality is a fraction of actual spacer film
thickness). In other terms, the nanowire diameter is given by d = w−2l. For a contact gap
size of 100nm (w), to form a nanowire with diameter (d) of 10nm, a spacer of 45nm width
(l) needs to be formed. Today’s industry standard spacer width ranges from 5nm to 70nm.
It is understandable to achieve a gate dielectric of 1nm or below (typical in advanced gate
stacks for upcoming 22nm node or below), the conventional 193nm lithographic technique
may not be suitable to form a trench of 12-15nm. However, this challenge can also be over-
come using spacer pattern transfer technique (figure 3.3), in which the width of the spacer
is used to define the trench.
Going back to the actual fabrication flow, nanowire epitaxy can be carried out to form a
mushroom. This has two fold advantages: a) this way it can be confirmed that the epitaxial
nanowire is in direct contact with the spacers (gate dielectrics) and the mushroom portion
can now be ion implanted to form drain or source (as needed). This junction can also be
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Figure 3.2: High density self-assembled nanoelectronics integration flow
formed with metal film deposition and patterning. Contact or wiring of individual devices
is a critical challenge for self-assembled nanowire devices. Therefore, in our design a stair-
case approach is proposed where the source will be biased from substrate backside, the
gate will be contacted through a contact via (figure 3.2) and the drain side can be top con-
tacted. This is nearly analogous to current state-of-the-art contact technology. Multilevel
interconnect is easily possible in the same way as in the current CMOS technology.
3.3 RESULTS AND DISCUSSION ON THE FABRICATION PRO-
CESS
The fabrication process was carried over a P-Type, 5um EPI electrical grade wafer with
crystal orientation 100 +/- 0.5, substrate resistivity of 0.008 +/-25% W-cm and a carrier
concentration of 2 x 1015/cm3.
1. A sequential cleaning with piranha (4:1 = H2SO4 : H2O2) at 120°C, HF (15:1 = deion-
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Figure 3.3: Spacer transfer process for more compact design with higher number of nan-
odevices.
ized water:HF) at room temperature and RCA-1 (5:1.1:1 = deionized water:H2O2 :
NH4OH) at 60°C was applied to clean the wafer.
2. 50nm silicon nitride (Si3N4) was deposited in plasma enhanced chemical vapor de-
position (PECVD) system at a 4.5Torr pressure and at 405°C.
3. In a CVD chamber, a mixture of Tetrakis(diethylamido) titanium (TDEAT), ammo-
nia (NH3) was used to deposit 10–20nm (various thicknesses in different wafers)
conformal TiN (with a mid gap work function of 4.45eV, suitable for a all around
gate device) at 340°C.
4. At 8.5Torr pressure and 400°C, a 70nm of tetraethyl orthosilicate (TEOS) oxide
was deposited in the PECVD system. This completes the intended insulator-metal-
insulator (hereSi3N4–TiN –SiO2) stack.
5. First optical lithography was then performed with 800nm UV-6 photo resist in a deep
ultra-violate (DUV) system targeting 0.25µm contact trench or above.
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6. Reactive ion etching of SiO2, TiN and Si3N4 was performed respectively with CF4 +
CHF3 + Ar, Ar + Cl2 and CF4 + CHF3 with a source power ranging between 500 to
750W and bias power ranging between 250 to 60W and 15 to 40mTorr pressure.
7. After contact gaps fabrication, resists were removed by N2/H2 based plasma ash-
ing followed by N-Methyl-2-pyrrolidone (NMP) cleaning. Scanning electron micro-
scopic (SEM) images of the contact gaps are shown in figure 3.4(a).
8. Next step was to deposit 160nm Si3N4 in a rapid thermal processing chemical vapor
deposition (RTP-CVD) system at 700°C and pressure up to 100Torr. Auger electron
spectroscopic (AES) analysis shows the Si3N4 is silicon rich which indicates slightly
tensile nature of the deposited film (figure 3.5).
9. Spacers were formed by reactive ion etching of the deposited Si3N4 by a gas combi-
nation of CF4 and CHF3 at a 1:1 mixture with 30% over etch. End point detection is
used to control the reactive ion etching. A SEM image of this stage is also shown in
figure 3.4(b).
10. Then to narrow down the nano-gap to its intended level, a second layer of Si3N4 with
45nm thickness is deposited. Again, end point detection based reactive ion etching is
used with the same gas mixture used for first Si3N4 spacer formation. This two step
spacer formation helps to minimize bottom silicon recess (which will be the seed site
for epitaxial nanowire growth).
The final structure shows a nano-gap of 12.9nm depicted in figure 3.4(c). The top
down and tilted images show the uniformity as well as precisely positioned nano-gaps are
shown in figure 3.4(d). An introductory attempt to grow nanowires shows the proof of
concept, highlighted in figure 3.4(e). It is also evident that more optimization is required
for epitaxial process as well as careful design of nano-gap. A general question may arise
regarding the pitch of the nanowires using our demonstrated fabrication process. Low pitch
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Figure 3.4: Scanning electron microscopic (SEM) images of various states of the fabrica-
tion flow. (a) post trench etch; (b) first spacer etch; (c) tilted view of the trenched with the
first spacer; (d) final cross section after second spacer etch; (e) epitaxial SiGe nanostructure
growth inside the final pattern and (f) arrays of pattern showing uniformity and low pitch
by using gap areas.
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Figure 3.5: Auger electron spectroscopic (AES) analysis of used Si3N4 film.
can be achieved by completing one array of devices and then to carry out the whole process
again in the gap areas, figure 3.4(f). Although this can provide us low pitch, the processing
steps will increase significantly. Therefore, it is desired to do it with the highest possible
optical resolution in the first shot for first level contact trench patterning.
Although self-assembled nanostructures and materials show tremendous potential with
exciting properties, they are not ready yet to produce arrangements with accurate position-
ing, diversity of patterns and with high yield and performance that in the case of conven-
tional nanofabrication can be normally achieved. It is actually very difficult to generate
the big variety of shapes that simple electronic devices might require. Therefore, integra-
tion of ultrahigh density nanowire circuitry has remained one of the major challenges for
nanowires prepared by top-down or bottom-up method. Even after many claims, to carry
out large scale integration, the choices are fairly limited, especially for addressability at
the single nanowire level. In this regard, the SNAP method proposed by the Heath group
is quite promising [17]. They have experimentally demonstrated an array of 150 silicon
nanowires patterned at nanowire widths of 13 nm and a pitch of 34 nm. In this regard,
this method has shown the same width of nanowire formation capability, higher integration
density plus high throughput than SNAP method which uses an epitaxy based nanotemplate
which requires many impressions to print a given area than our process. To emphasize this
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Figure 3.6: 6T-SRAM bitcell drawing and multilevel interconnect for the fabrication flow.
further, in our process if the device size is 10~100nm and assuming contact plugs of 50nm
separated another 50nm from each other, then each device would have an equivalent area
of 100nm x 200nm (0.02µm2 per device), i.e. 0.120µm2 for a 6T-SRAM (Static Random
Access Memory) bitcell (6 devices). Figure 3.6 shows the contact pad arrangement as well
as how multilevel interconnects can be wired in the same way as today’s CMOS technology
does.
3.4 CONCLUSION
A generic batch fabrication process was proposed for high density integration of precisely
positioned sub-15nm nano-electronics and devices on a state-of-the-art CMOS platform.
Although we have focused on nano-electronics many other interesting functionalities and
device applications can be explored using our generic flow. Utilization of conventional
microfabrication processes and modules such as reactive ion etching of contact, advanced
gate stack and spacer makes it compatible with conventional CMOS flow and opens up
opportunity for high volume manufacturing. From nano-electronics device perspective this
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provides prospect for sub-lithographic gate length formation via atomic scale thin film
deposition, all around gate thus better electrostatic control for short channel effects mit-
igation, individual contact formation, multilevel interconnects analogous to present day
complex circuitry to achieve more functionality. Areas of improvement lie within choice
of substrate (as the substrate will be host seed site for epitaxial nanowire growth), nanowire
growth technique (in its current form limited to CVD process only), optimized epitaxy to
ensure direct contact of nanowire channel and dielectric (spacer), sub-1nm gate dielectric
formation, high-k dielectric spacer reactive ion etching, scaling limitation because of con-
tact pad arrangements. A potential and viable solution was proposed to achieve low pitch
(high density) as well as nano-gap to host sub-1nm gate dielectric (spacer) by using spacer
pattern transfer technique. This generic process flow opens up a wide opportunity window
for realization of high density integration of sub-15nm self-assembled nanoelectronics with
and without existing CMOS devices.
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4 SUMMARY AND GENERAL CONCLUSIONS
In this work I have shown the sequential development of two different components as start
point for the development of a Self-Powered System-on-Chip. On one side, an energy
component was explored, in which biological agents might be used as catalyst for elec-
tricity generation with direct applications in environments where both microorganisms and
organic matter are available to populate the cell and yield sufficient energy to locally feed
microsystems, as for example difficult-access, low-power sensors in waste water treatment
plants or in the sediment at the bottom of the sea or a river. In that sense this work serves as
a kick off in terms of setting the basic set of rules and knowledge for future developments
that might also be useful for research purposes aimed at the understanding and study of
the behavior of different types of bacterial communities under similar conditions and in a
systematic, pragmatic and parallel fashion. Preliminary results showed potential of CNTs
as electrode for high power density generation in micro-sized MFCs. However, a more de-
tailed characterization process is necessary in order to understand the real role of the anode
electrode in the final results.
From a different perspective, a nano-pattern formation process flow for high integration
is proposed as response to the challenging scaling trend in the semiconductor industry and
as an effort to lighten the energy consumption of our System-on-Chip solution by producing
high performance devices. In this scheme, silicon nitride based spacer width control is
used to define a regular pattern which could host nanowire structures and could be built
in such a way that devices with very small features can be formed with a novel geometry,
outstanding performance and potentially low power consumption. Thus, this work serves
as a first approach for the fabrication of sub-15nm gate-all-around nanowire-based FET,
with enhanced functionality and potential for ultra scalability.
